This study, conducted on female black bears from 3 study areas in the Rocky Mountains, showed that pregnant females in a state of diapause during early winter had about 89% larger fat depots than did nonreproductive females going into hibernation. Fat provided 92% of the total energy for lactation and gestation. Rates of fat loss (g/day) were 37% greater and protein loss about 2.4 times higher for reproductive females than for nonreproductive females. The cost of winter reproduction, including gestation and lactation, was 1,432 kJ/day to produce 2 young. Although reproduction required elevated protein breakdown, rates of overall protein loss were relatively small, perhaps due to a short period of implantation and an extraordinary ability to hydrolyze urea.
Black bears (Ursus americanus) exhibit a unique overwintering strategy. These animals remain in a mild state of hypothermia and are believed neither to exhibit violent shivering or nonshivering thermogenesis nor to engage in periodic arousal typical of small-mammal hibernators ). Protein is a major energy substrate used by small mammals during periodic arousal from hibernation (Yacco 1983) . Because bears arouse infrequently, they may not have similar protein catabolism. Additionally, bears conserve lean tissue by hydrolyzing urea and using the nitrogen to synthesize new amino acids (Barboza et al. 1997; Lundberg et al. 1976; Tinker et al. 1998) . As a result, bears may protect protein tissues and depend more heavily on fat reserves than do other hibernators. Black bears are also unique among hibernators in that they mate in June and July, implant in November and December (Kordek and Lindzey 1980) , and give birth in January * Correspondent: hharlow@uwyo.edu (Alt 1983) . Young then nurse in the den until April (Alt 1982) or May (T. D. I. Beck, in litt.). Thus, black bears express high reproductive energy demands while in a state of hibernation and fasting.
We have little information about deposition and use of fat and protein stores in free-ranging, hibernating bears, especially in females that produce young. Reported respiratory-quotient values and triglyceride concentrations in plasma of overwintering bears suggest that fat is the primary substrate for energy production (Nelson 1973 (Nelson , 1980 . Although studies have been conducted on captive black bears (Farley and Robbins 1995; Hellgren et al. 1990; Oftedal et al. 1993) , in free-ranging bears, little is known about amount of energy required to sustain gestation and lactation during winter or about proportions of maternal protein and fat required to successfully produce young. Knowledge of energy and nutrient requirements for hibernating reproductive and nonreproductive bears is important for understanding their winter survival and for allowing formulation of management decisions that are based on food availability and spring emergence conditions. The purpose of this study was to report on loss of fat and lean tissue as well as energy demands for production of young in naturally hibernating female black bears in the field. Also, we wanted to compare these findings with those of studies on captive bears that often receive additional external stimulus.
MATERIALS AND METHODS
Body fat was measured and protein content calculated for 4 groups of female black bears from 3 study areas. During summer, 22 adult and 2 subadult females were captured using woven metal cage traps (2 by 1.5 by 1.5 m) and were fitted with radio-telemetry collars (150-160 MHz, Advanced Telemetry Systems, Isanti, Michigan). Body masses of the 2 subadult females were not different from those of other nonreproductive females (t ϭ Ϫ0.697, d.f. ϭ 10, P ϭ 0.5). Individual bears were tracked to their den and measured during early winter and again during late winter for comparison. Bears from these 3 areas were not significantly different in either protein or fat content (F ϭ 2.942, d.f. ϭ 2, P ϭ 0.075). As a result, these 24 females were combined to represent groups of bears in reproductive and nonreproductive states, irrespective of capture location. We define reproductive condition as a state that includes diapause, implanted gestation, and lactation during about 120 days between the 2nd week of November and 2nd week of March.
Five reproductive females and 1 nonreproductive female were measured during [1995] [1996] figure 3 ). The BIA instrument consists of a hand-held impedance meter with 2 pairs of leads. One pair was attached to 20-gauge vacutainer needles (Vacutainer 20G1, Becton Dickinson and Co., Franklin Lake, New Jersey) inserted into fat deposits 2 cm on either side of the base of the tail. The other pair was attached, using small clips, to the bear's upper lip just above the canines. Great care was taken to maintain consistency in bears' position and the dryness of their fur. Two consecutive readings were taken by removing and replacing the leads to check for variance in impedance measurements. If the values were not consistent, the animal was checked for posture, dryness, injury, and lead placement and then measured again until repeatable readings were achieved. Protein was assumed to make up 22.3% of lean body mass (Farley and Robbins 1994) . Using constants of 39.3 and 23.6 kJ/g for the energy content of fat and muscle protein, respectively (Blaxter 1989) , we converted body composition changes into units of energy. Analysis of variance was used to test for differences between study areas, and multiple comparisons were made with Tukey tests for interaction. Early-winter body mass, fat and protein content, and rates of fat and protein use by reproductive and nonreproductive bears were compared using 
RESULTS
Reproductive females produced 2 young in each litter. These females weighed significantly more during early winter (89.9 kg compared with 59.9 kg; t ϭ Ϫ3.82, d.f. ϭ 22, P Ͻ 0.001), had significantly larger fat stores (32.2 kg compared with 17.0 kg; t ϭ 3.909, d.f. ϭ 22, P Ͻ 0.001), and had a greater lean body mass (57.7 kg compared with 42.9 kg; t ϭ 3.34, d.f. ϭ 22, P Ͻ 0.05) than did nonreproductive females. The mean rate of total body mass loss by reproductive females was significantly greater (196.5 g/day compared with 115.6 g/day; t ϭ 4.866, d.f. ϭ 22, P Ͻ 0.001) and the rate of fat loss was significantly larger (115.9 g/ day compared with 84.7 g/day; t ϭ Ϫ2.032, d.f. ϭ 22, P ϭ 0.05) compared with losses by nonreproductive females (Fig. 1) . Daily total energy expenditure of reproductive females was significantly higher (4,946 kJ/ day compared with 3,514 kJ/day; t ϭ Ϫ2.05, d.f. ϭ 22, P ϭ 0.05) than that of nonreproductive females (Table 1) . Fat provided about 92% of the total energy expended by reproductive bears during winter ( Table 1 ). Even though protein was a minor energy substrate compared with fat (Table  1) , Ͼ2 times the amount of protein (15.5 versus 6.5 g/day) was used by reproductive bears than by nonreproductive bears.
DISCUSSION
Most mammals do not undergo prolonged fasting during gestation and lactation. Black bears eat during summer and autumn and then enter their dens and fast for the entire winter. Female black bears breed during summer and harbor the fertilized blastocyst in an inactive gestational state of diapause until a midwinter implantation followed by a relatively short (average 40 days) active gestation and a protracted lactation that lasts through the remainder of the winter denning period (Alt 1982; Kordek and Lindzey 1980) . Thus, pregnant and lactating female black bears must have ample stores of fat as well as protein to meet their own needs and the needs of developing young during this prolonged fast. Previous laboratory and enclosure studies on black bears have documented a higher use of protein and fat by reproductive fe-males. But these studies are generally associated with an unnatural diet, abnormal activity patterns, and potential disturbances, which could alter normal patterns of winter energy use. The present study was conducted on free-living, reproductive and nonreproductive animals within their natural dens to provide a comparative figure on the cost of winter reproduction by female black bears.
Early-winter body mass and energy stores by nonreproductive and reproductive bears.-Body-fat content of captive, nonreproductive black bears during the early winter has been reported to be between 31% (Farley and Robbins 1995) and 45% (Lundberg et al. 1976 ) of total body mass, which is comparable to the 28% reported here for free-ranging bears. Body mass of reproductive female black bears in the present study was about 50% greater than mass of nonreproductive females. This is similar to values reported in other field studies on black bears (Samson and Huot 1995) and polar bears (Atkinson and Ramsay 1995) . But brown bears do not show this distinction (Hilderbrand et al. 2000) . The additional body mass of reproductive females represents energy stores, which can assist in production of young. Here, we show that, of the 30 kg difference in early-winter body mass, 50% is due to larger fat reserves (15 kg) and 11% is from more protein (3.3 kg). Interestingly, the autumn hyperphagic period for bears coincides with the reproductive state of blastocyst arrest, when there is very little additional energy demand on pregnant females. Therefore, during this time, there must be alterations in hypothalamic control of appetite and body-fat set point (Mrosovsky and Powley 1977) of pregnant females, which are not energy driven to make them eat more and acquire additional reserves to accommodate later demands.
Rates of winter body mass and energy loss by nonreproductive black bears.-Body mass loss by nonreproductive females during winter reflects basal energy demands of bears during hibernation. There is much variation (70-310 g/day) in values reported for body mass loss by overwintering, nonreproductive, captive black bears (Craighead et al. 1976; Hellgren et al. 1990; Maxwell et al. 1988; Watts 1990 ). But our value of 115.5 g/day is very close to that extrapolated by Farley and Robbins (1995) for captive bears and to values of 70-100 g/ day reported for nonreproductive black bears in the wild (Craighead et al. 1976; Samson and Huot 1995; Tietje and Ruff 1980) .
The only studies of daily winter fat loss by black bears have been conducted on captive bears or simulated models. Maxwell et al. (1988) found that a simulated 75-kg spheroid model in the shape of a curled-up bear heated with a centralized electrical coil could be used to estimate heat loss, which in turn could be extrapolated to fat use during winter. They calculated that a 75-kg bear would lose about 135 g fat/day. In contrast, a live, nonreproductive bear in the same artificial den lost about 65 g fat/day. These values bracket the 85 g fat/day (Fig.  1 ) reported in this article for 12 nonreproductive female bears in their natural dens.
Body mass, fat, and protein loss by reproductive females: cost of gestation and lactation.-Few data that describe loss of mass by wild black bears in relation to gestation and lactation during winter have been published. Our value of 196 g/day loss to maintain 2 young was closer to the 230 g/ day reported by Samson and Huot (1995) for combined gestation and lactation than to the 270 g/day reported by Oftedal et al. (1993) for lactation only. The 70% greater rate of mass loss due to reproduction that we measured in free-living bears is larger than the 45% reported by Farley and Robbins (1995) for captive black bears during lactation and the 35% reported by Hellgren (1998) on captive female bears between 3 January and 31 March. A maternal cost for lactation can be approximated from milk production measured in other studies. For example, a cost of about 1,600 kJ/day for lactating black bears is estimated by multiplying the energy equivalence of milk by the volume of milk consumed by young (Farley and Robbins 1994; Oftedal et al. 1993) and adjusting this value to account for an 84% efficiency in milk production (Oftedal 2000) . In our study, the additional energy expenditure for reproduction by hibernating female bears was 1,432 kJ/day per litter of 2 young, which is significantly less than that estimated from milk production during lactation in other studies. About 40% of the monitoring period on our pregnant and lactating females involved a state of lower reproductive energy demand associated with diapause and gestation, thereby pointing out that cost of lactation is an extremely high component of overall reproductive cost of black bears during hibernation.
The high cost of lactation may be linked to a physiological advantage of delayed implantation in bears. The mammalian fetus has an obligatory requirement for glucose as the primary metabolic fuel (Battaglia and Meschia 1978; Oftedal et al. 1993) , which is provided by the mother through gluconeogenic pathways of protein catabolism. But lipids become the major substrate for suckling black bear development. As pointed out by Ramsay and Dunbrack (1986) , delayed implantation and short duration of gestation in utero have a protein-conserving consequence during the critical period of winter fasting. Indeed, we found that reproductive females expended 1,216 kJ/day more energy from fat and only 214 kJ/day more energy from protein than did nonreproductive females during hibernation. With protein use by reproductive females more than doubling and serving as a needed source of water (Bintz and Strand 1983) , short-chained carbon Krebs cycle intermediates (Yacco 1983) , and nitrogen to fuel development of young, the black bear may be a paradox in terms of the extent of skeletal-muscle protein loss. Reproductive females in the present study appeared to conserve protein. They have only 7.6% protein loss over about 120 days of fasting, which is consistent with our previous studies (Harlow et al. 2001; Tinker et al. 1998) and with values extrapolated by Hellgren (1998) . This equates to about 0.06% protein loss/ day, a value far below the 0.4% loss in skeletal muscle mass per day reported for rats and humans that are simply inactive (Berg et al. 1997) . Thus, mother bears experience a relatively small amount of protein loss as they produce young during winter hibernation.
Many mechanisms that allow for protein conservation by overwintering bears in general would be especially important for reproductive females. First, as previously mentioned, they have a very short implantation period (during which protein is a heavily used substrate). Additionally, Nelson et al. (1983) and Barboza et al. (1997) have found that protein is continuously broken down during denning, but nitrogen from urea is effectively recycled back into plasma proteins. As a result, mass loss is primarily due to fat loss and not protein loss during winter reproduction (Maxwell et al. 1988; Nelson et al. 1983; Tinker et al. 1998) . Interestingly, it has been proposed by Oftedal et al. (1993) that, if a lactating female ingested the urine and feces of her young, she would recover about as much water and about half the nitrogen she lost in milk, which could augment other proteinconserving processes.
The results from this study provide data on the maternal cost of fat and protein for production of young by free-living black bears, which augment studies on captive bears. Although the expenditure of protein more than doubles in reproductive bears, our previous studies suggest that it does not come primarily from skeletal muscle (Harlow et al. 2001; Tinker et al. 1998) . We are presently investigating the source of labile protein reserves in nonskeletal muscle to include serum albumin, and muscle collagen, as well as in organ and intestinal smooth muscle.
